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Abstract
Modelling and data fitting for the prediction of permeate flux during ultrafiltration (UF) of a model feed solution of so-
dium lignosulfonate was carried out following resistance in series, gel polarization and Kedem Katchalsky equations. The 
experiments were conducted in a laboratory UF unit equipped with PES/HFUF asymmetric membrane under specific 
operating conditions by altering some parameters including solute concentration, transmembrane pressure (TMP), and 
cross flow velocity (CFV). The maximum experimental permeate flux was observed at TMP of 3.92 bar and CFV 0.527 
ms−1 was 19.6 × 10−6 m3m−2s−1. The theoretical and experimental volumetric flux was plotted, and their extent of resem-
blance was compared and validated statistically. The study sheds light on the effective upcycling of sodium lignosulfonate 
from spent liquor via ultrafiltration.
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1. Introduction
Spent sulphite liquor, apparently considered to be a 

waste stream, produced in the sulphite pulping could be a 
rich source of sodium lignosulfonate – an invaluable 
product with innumerable upcycling options. Lignosul-
fonates (LS) have sparked interest due to its variety of ap-
plications as surfactants, dispersants of pesticides and 
dyes, cement and detergent builders, binders in ceramics, 
tanning and ingredients of fine chemical production.1,2 
There are multiple processing routes for the isolation and 
extraction of sodium lignosulfonate from commercial 
spent pulping liquor. The Howard process is one of the 
classical and widely used methods in which precipitation 
of lignosulfonate is accomplished by addition of excess 
lime. Fractionation based on solubility and molecular 
weight of the components includes solvent extraction, 
and precipitation.3, 4 Selective adsorption using different 
sorbents such as synthetic polymeric resins, sandstone, 
lime stone, dolomite etc. has been reported by several au-
thors.1,5 Other methods include amine extraction using 

long chain alkali amines followed by alkali extraction, 
ion-exchange via exchange of sodium ion with hydrogen 
ion from the resin and membrane processes.1,6,7 Despite 
being unique in their application and having several ad-
vantages, most of these methods have met with limited 
success. Adsorption is constrained by equilibrium and re-
generation of spent sorbents. The same is true for ion ex-
change method as well, where the resin requires frequent 
replacement resulting in repeated plant shutdown and 
incurring high operational cost. Additionally, these meth-
ods are relatively tedious, and at times fail to recover a 
substantial quantity of LS.

In recent years, the use of semipermeable mem-
branes, both commercial and indigenously functionalized 
have broadened the application of ultrafiltration (UF) in 
various sectors. Selective separation and fractionation of 
lignosulfonates from dilute spent liquor holds much prom-
ise in the development of biorefinery operations. Applica-
tion of membranes with a variety of molecular weight cut-
offs can shed much light on some rough, preliminary 
information on molecular weight distribution. Study of 
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earlier literature reveals that ultrafiltration could yield a 
significant percentage of purified LS.1 Various authors re-
ported the combination of ultrafiltration and nanofiltra-
tion for the production of pure lignin fractions.8,9 Even 
ultrafiltration could greatly reduce the polydispersity of 
the purified LS.10,11 Fernández-Rodríguez 201512 carried 
out the fractionation of spent sulphite liquor by combining 
three ceramic UF membranes (molecular weight cut off of 
15kDa, 5 kDa and 1kDa) in series and reported total LS 
rejection up to 72.56%. Parameters that affect the final 
product in UF comprise of trans-membrane pressure, feed 
temperature, cross-flow velocity, and the Reynolds num-
ber. In one of our earlier papers, 13we reported the feasibil-
ity of UF to concentrate sodium lignosulfonate along with 
the analysis of dilution factor on permeate flux and solute 
retention.

The design and operation of ultrafiltration system 
entail accurate prediction of performance and rigorous 
analysis in terms of specific performance parameters such 
as water flux (membrane throughput) and solute rejection. 
However, UF rejection data have been analyzed less quan-
titatively than flux data in pertinent literature. To that end 
the present work bridges a research gap.Thus, the key fo-
cus of this work was to predict the permeate flux following 
resistance in series, gel polarization and Kedem-Katchal-
sky (K-K) equations and to compare the resemblance of 
experimental and predicted flux following statistical vali-
dation. These phenomenological models incorporate some 
of the important hallmarks of membrane separation, such 
as concentration polarization and formation of gel layer 
along with illustration of mass transfer across membrane. 
Modelling was carried out assuming that each of the hy-
draulic, osmotic pressure and concentration polarization 
resistances was dependent on the operating conditions. 
Modelling and data fitting was carried out by writing a 
program using Google Colab Python 3.10 version fol-
lowing resistance in series, gel polarization and Kedem 
Katchalsky equations.14 It is expected that the results and 
model of the present study will be advantageous in a wide 
spectra of UF applications and facilitate commercial lever-
age at higher scale. Although the present experimental 
study is limited to  the beneficiation of sodium lignosul-
fonate from dilute solution, the model used herein would 
certainly be applicable to other feed solutions within the 
framework of well-defined physical properties.

2. Materials and Methods
2. 1. Chemicals and Membranes

A hydrophilic commercial ultrafiltration membrane 
made of polyether sulfone was selected in the present ex-
periment. It was supplied by M/s Aquaneel Separation Pvt 
Ltd, Vadodara, India. The molecular weight cut off the 
membrane was 5 kDa with maximum operating tempera-
ture 45 °C and pH range being 1–14. Distilled water of 

conductivity in the range of 10–15 µs cm−1 was used to 
prepare reagents. Various chemicals including sodium 
lignosulfonate (SLS, 96%) involved in experiments were of 
AR grades purchased from Merck Limited, Mumbai, In-
dia. The chemicals were used as purchased without any 
further treatment. The permeability of the membrane was 
evaluated after plotting permeate flux against trans-mem-
brane pressure (TMP) using distilled water at ambient 
temperature.

2. 2. �Ultrafiltration Study of Lignosulfonate 
Solution
Ultrafiltration of model feed solution of sodium 

lignosulfonate was carried out in a laboratory scale UF sys-
tem. The schematic description of the experimental set up 
is given elsewhere.13 A polyether sulfone flat sheet mem-
brane with molecular weight cut off 5 kDa was used. LS 
feed solution was prepared by dissolving suitable quantity 
(the range being 1.2 to 1.24 g l−1) of sodium lignosulfonate 
powder in deionized water. While evaluating the effect of 
selected operating conditions on model parameters, a 
number of experimental measurements were carried out at 
varying cross flow velocity and trans membrane pressure. 
The flux measurement study was carried out at four differ-
ent cross flow velocities (ms−1) like 0.323, 0.357, 0.425 and 
0.527. The experimental flux calculation was carried out at 
four different trans-membrane pressures, namely 1.96, 
2.94, 3.92 and 4.9 bar. The used membranes were cleaned 
using distilled water after each measurement followed by 
chemical cleaning, with EDTA (0.8% (w) of Na-EDTA (so-
dium salt of ethylaminediamine-tetraacetic acid) and de-
tergent solution (2.0% (w) of STPP (sodium tripolyphos-
phate) (Na5P3O10) and 0.025% (w) Na-DDBS 
(C6H5(CH2)12-SO3Na) (sodium salt of dodecylbenzene 
sulfonate).

2. 3. �Concentration of the Feed, Permeate and 
Reject Stream
The concentration of feed solution, permeate solu-

tion and reject solution was determined using a UV–VIS 
spectrophotometer (Model: Lambda 19, Perkin Elmer, 
USA) in a linear absorbance mode (scan speed 0.3–1200 
nm min−1, resolution 0.8 nm, deuterium lamp) out at a 
wavelength of 280 nm.

2. 4. �Permeability and Flux Measurement of 
Membrane
The permeability of the used membrane was deter-

mined at various operating pressure using deionized wa-
ter. The membrane permeability was determined from the 
slope of the permeate flux against trans-membrane pres-
sure plot. The pure water flux Jw(m3m–2 s−1) was calculated 
using Eq. (1)
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Jw= V/At� (1)

Where V is the volume of the permeate sample (m3), 
A is the effective area (m2) and Δt is the permeation time 
(s). The experiments were carried out at room temperature 
and average of three reading was reported.

2. 5. �Modelling of the Present Study
Resistance in series model

Resistance in series model quantifies a number of 
mass transfer resistances during membrane transport. To-
tal resistance Rtot can be expressed by Eq. (2).15,16

� (2)

Rm, Rad, Rcp and Rp were calculated following the 
method described elsewhere.17 The model was developed 
using principles of solution-diffusion and film theory and 
correlation for concentration polarization resistance. The 
transport equation through the porous membrane can be 
given by the Darcy’s law to describe the osmotic pres-
sure-controlled flux (Eq. 3)18

� (3)

Where, Lp = (1/µRm), which indicates the permea-
bility of the membrane. This permeability is related to the 
traditional Darcy’s permeability (ko) as, Lp= ko/µδ, where 
δ is the thickness of the membrane skin and µ is the viscos-
ity of the permeating solution. The osmotic pressure dif-
ference across the membrane is given by Eq. (4)

� (4)

Osmotic pressure of feed solution at membrane sur-
face and in the permeate was estimated by using Vant 
Hoff ’s equation considering dilute solution. Accordingly, 
incorporating the osmotic coefficient ‘a’ at room tempera-
ture and considering molecular weight of sodium ligno-
sulfonate (average molecular weight: 534.502 g mol−1; uni-
versal gas constant R: 8314 J mol–1K−1; T: 303 K), the 
osmotic pressure becomes

� (5)

Real retention (Rr) can be defined as the ratio of dif-
ference between membrane surface and permeate concen-
tration to membrane surface concentration. It is a constant 
for a particular membrane-solute system.

	�  (6)

Using Eqs. (3) to (5), the osmotic pressure-controlled 
flux is expressed as

	�  (7)

The osmotic pressure controlled flux; vwosm cannot 
be calculated from Eq. (7), as

Cm is unknown. For that, the film theory for steady 
state mass transfer (Eq. 8) is used

� (8)

On integrating Eq. (8) from y = 0, c = cm to y = δ, c = 
co, the standard film theory equation is obtained as repre-
sented by Eq. (9)

� (9)

The permeate concentration Cp can be expressed in 
terms of the membrane surface concentration, cm and Rr 
from Eq. (6). Eq. (9) can be expressed as

� (10)

In general, the Sherwood (Sh) number is related to 
the Schmidt (Sc) and Reynolds (Re) numbers for laminar 
flow as Eq. (11)

� (11)

For turbulent flow conditions (Re > 2000−4000) 
Harriott-Hamilton correlation (Eq. 12) was used to calcu-
late Sh.19

� (12)

Diffusivity D, was determined using the correlation 
of Wilke and Chang20 (Eq. 13).

� (13)

Combining Eq. (7) and (9), Eq. (14) was obtained

� (14)

Eq. (14) was solved using Newton-Raphson trial and 
error method, to determine Cm and hence Vwosm. Once Cm 
is calculated from Eq. (14) the permeate concentration Cp 
can be estimated from Eq. (6). For the determination of 
various resistances and models parameters a schematic 
algorithm of Python-designed computational program is 
presented in Fig. 1.

Gel polarization model
The mass transfer coefficient was calculated from 

Sherwood number21 after calculating Reynold’s number 
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and Schmidt number from cross flow velocity of the solu-
tion. The value of mass transfer coefficient was used to pre-
dict membrane surface concentration and then predicted 
flux calculation.22 The predicted flux calculation from gel 
polarization model compared with experimental flux cal-
culation.

� (15)

� (16)

� (17)

� (18)

Kedem Katchalsky Model
Pure water permeability (Lp) was calculated by doing 

the experiments at different TMP. The predicted solvent 
flux was calculated by Eq. (19) 23 and compared with ex-
perimental flux. The reflection coefficient was assumed to 
be 0.9.

� (19)

Where Δπ = RT(Co – Cp). Incorporating Eq. (17) in 
Eq. (19) and substituting ∆π solvent flux was estimated.

2. 6. Statistical Analysis
The difference between measured or estimated value 

and the true value was expressed as a ratio of the absolute 
difference to the true value.

Root mean square error can be estimated following 
Eq. (20), in which the smaller the value of RMSE, the bet-
ter will be the fit between the predicted and experimental 
data.

� (20)

Where RMSE = Root mean square error

Chi-square test is a statistical analysis used to com-
pare actual results with an expected hypothesis. It com-
bines both curve-fitting and model testing by considering 
measurement uncertainties following Eq. (21).

� (21)

Where Oi = observed value and Ei = expected value

A smaller value of x2 is indicative of good fit of mod-
el data with those of experimental.

3. Results and Discussion
Membrane flux or throughput is an important per-

formance index for any pressure driven membrane process 
including UF. Forecasting of permeate flux is an important 
consideration for long-term UF operation. Membrane dura-
bility as well as permeate flux is influenced by the phenom-
ena named concentration polarization (i.e., solute build-up) 
and fouling (due to adhesion of microbial cells, solute parti-
cles, gel layer formation etc.) at the membrane surface. Sim-
ilar to other filtration process UF is also encountered with 
the drop of permeate flux largely due to aforementioned fac-
tors.24,25 In the present study, prior to modelling of permeate 
flux, effect of trans-membrane pressure on it and its time 
evolution under specific experimental conditions were in-
vestigated. Later, three mathematical models namely resis-
tance in series, gel polarization and Kedem-Katchalsky (K-
K) were applied. Predicted flux estimated from these three 
models was then compared with experimental flux. These 
are highlighted in the following subsections.

3. 1. Effect of Trans-membrane Pressure
It was observed in the present experiment, that per-

meate-flux increased proportionally with the trans-mem-

Fig. 1 Schematic algorithm of Python-designed computational pro-
gram
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brane pressure within the pressure range studied in all 
cases. This implies that the operation was within the pres-
sure-controlled region. Fig 2 represents the experimental 
permeate flux as a function of trans-membrane pressure 
at four different cross flow velocities for a run time of 60 
min and at constant initial feed concentration of 1.24 gL−1. 
A perusal of Fig 2 reveals that at 3.92 bar pressure, exper-
imental flux was found to be maximal for all cross flow 
velocities. At a cross flow velocity of 0.527 ms−1 the values 
of permeate flux were estimated to be 13.4 × 10–6 and 17.4 
× 10–6 m3 m–2s–1 at trans-membrane pressure of 2.94 and 
3.92 bar respectively.

Fig. 2 Experimental flux as a function of trans-membrane pressure 
at various cross flow velocities (Feed concentration: 1.24 g/L; run 
time: 60 min, temp: ambient).

The figure also indicates that increase in cross flow 
velocity resulted in substantial flux improvement. For ex-
ample, at CFV of 0.323m s–1, the maximum permeate flux 
at 3.92 bar TMP was found out to be 10.9 × 10–6 m3 m–2s–1 
and this rose to 17.4 × 10–6 m3 m–2s–1 when CFV was in-
creased to 0.527 ms−1 thereby, registering a 59.6% increase. 
A higher cross flow velocity can effect a sweeping action 
across the membrane, minimizing the concentration gra-
dient towards the membrane surface and subsequently re-
sults in flux increment.25 As the trans-membrane pressure 
increases, the osmotic pressure also increases, which can 
partly nullify the increase in flux. Thus, beyond 3.92 bar 
pressure there was negligible increase in permeate flux. It 
means the attainment of the “critical flux” region of UF, 
which is where the flux starts to plateau. At this point, fur-
ther increasing the pressure generally does not augment 
the flux. These observations follow the similar trend as re-
ported by Bhattacharya et al (2005)27 for the ultrafiltration 
of sodium lignosulfonate from spent sulphite liquor. Our 
study indicates that 3.92 bar trans-membrane pressure was 
found to be the most appropriate under the present exper-
imental conditions.

3. 2. Time Evolution of Permeate Flux
Fig 3 represents the experimental flux as a function 

of time for a feed solution having initial concentration of 
1.24 gL−1, and TMP 3.92 bar at four different cross flow 
velocities (CFVs). At CFV of 0.527 ms–1, and transmem-
brane pressure of 3.92 bar permeation flux was estimat-
ed to be 19.6 × 10−6 m3 m−2s−1 after 15 min of operation 
which however reduced to 17.4 × 10−6 and 15.2 × 10−6 m3/
m−2s−1 after 45 and 60 min respectively. This corresponds 
to 28.9% reduction of initial flux. For other cross flow ve-
locities the percentage flux reduction was in the range of 
25–28% under similar experimental conditions.

Fig 3. Experimental flux as a function of time at various cross flow 
velocities (Feed concentration = 1.24 g/L; trans membrane pressure: 
3.92 bar, run time: 60 min, temp: ambient)

The declining trend of permeate flux with time, as 
shown in Fig 3, is ascribed to the phenomenon of solute 
build up (concentration polarization) on the surface layer 
of membrane imparting resistance to solvent transport.

Although concentration polarization could be re-
versible during the initial period of operation, it becomes 
irreversible phenomena like solute adsorption and gel lay-
er. A perusal of the profile of permeate flux as a function of 
time indicates gradual decline of flux with time. Initially 
the decline was sharp followed by a steady decline in line 
with the classical filtration theory. At the beginning of op-
eration smaller solutes presumably block the membrane 
pores resulting in flux decline, which further aggravated 
due to gradual concentration polarization on the mem-
brane surface. It has been reported by many authors that 
resistance arising out of the concentration polarization is 
the dominating cause for the permeate flux decline reach-
ing values somewhat two times higher than the hydraulic 
membrane resistance.28,29 At the end of each experimental 
run, the used membrane was thoroughly washed and re-
used. It was found that original membrane permeability 
could be largely regained. This possibly indicates that the 
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fouling due to pore blocking was reversible. Additionally, 
Table 1 summarizes the comparison of major experimen-
tal findings from similar other studies of ultrafiltration of 
spent sulfite liquor from pertinent literature.

3. 3. �Experimental and Predicted Flux Using 
Various Models
Predicting the permeate flux is critical for evaluat-

ing and optimizing the performance of the ultrafiltration 
process. In modelling, along with model description it is 
vitally important to analyse and validate the capacity of 
the models to predict the permeation flux. This, in turn, 
impacts the further use of these models for scaling up to 
industrial level. In the present study three models namely 
resistance in series, gel polarization and K-K were applied 
for predicting flux of permeate in ultrafiltration of sodium 
lignosulfonate solution. Fig 4 presents graphical compar-
ison of the theoretically predicted versus experimentally 
determined volumetric permeate flux using three different 
models at four different cross flow velocities (CFV). A pe-
rusal of Fig 4 indicates that theoretically predicted perme-
ate flux following resistance in series and gel polarization 
models, conforms more closely to the experimental values 
compared to K-K model.

Theoretically, the resistances against solvent flux are 
the summation of the membrane hydraulic resistance, re-
versible pore-blocking resistance, and a deposited gel-lay-

er resistance. Using K-K model, predicted flux values 
become exorbitantly higher than those of experimental-
ly determined ones. The extent of matching between the 
predicted permeation flux and the experimental data, fol-
lowing all the three models was evaluated using statistical 
performance parameters such as root mean square error 
(RMSE), chi square test, and percentage relative error 
(RE) (Table 2). The smaller the values of RMSE and RE, 
the better would be the matching between the predicted 
and the experimental fluxes. The same is true for the chi 
square test as well. Thus, from a further observation of 
Table 1, it is evident that at a cross flow velocity of 0.527 
ms–1, RMSE, RE and chi squared parameters are minimal 
for resistance in series and gel polarization models. It also 
indicates that increase in cross flow velocity resulted in a 
marginally better fit between experimental and predict-
ed flux values. The highest relative error and root mean 
square errors (in bracket) estimated for the predicted 
permeate flux using resistance-in-series, gel polarization 
and K-K models were 0.603 (6.765), 0.684 (7.640), 2.892 
(30.292) respectively. The results obtained, within the sta-
tistically validated models, showed that K-K model pres-
ents a high variability of prediction (values of percentage 
relative error in the range of 2.89–3.32), and root Mean 
Square Error (RMSE) in the range of 26.53–30.29 within 
the experimental framework. The chi square test analysis 
also shows that x2 values for curve fitting by using resis-
tance in series and gel polarization models are very low 

Table 1: Comparison with similar other studies of ultrafiltration of spent sulfite liquor from literature 

Sr No	 Membrane types	 Average permeate	 Trans membrane	 Major findings	 Reference
	 and features	 flux (L/m2 h)	 pressure (bar)

1	 TiO2 ceramic membranes	 55.45, 5.77 and 6.00	 1.8 to 2.0	 Fractionation of spent 	 [12]
	 are used (MWCO: 1, 5	 for 15, 5 and 1 kDa		  sulfite liquor into 
	 and 15 kDa)	 membranes respectively		  monomeric sugars and LS. 
				    Highest LS rejection (65.68 %)
2	 Polysulfone membrane	 Not presented 	 6.0 to 11.5	 Concentration polarization	 [21]
	 (GR 60-P)			   model was used to determine
				    lignosulfonate rejection. 
				    Average molecular mass was also
				     estimated	
3	 Polysulfone and	 100–700 (a wider range	 0 to 10	 High MWCO GR membranes	 [27]
	 fluoropolymer membranes 	 for different membranes)		  are very suitable for UF of SSL
	 (MWCO 10–100 kDa)			   for the recovery of
				    lignosulphonates.
4	 Ceramic hollow fiber	 252 to 261	 3.0 to 7.0	 Ceramic hollow fiber membranes	  [30]
	 membranes with MWCO			   were comparable and even better
	 20 kDa, 20 kDa, 30 nm, 8 nm, 			   than tubular membrane to 
	 and 3 nm			   concentrate spent sulfite liquor
5	 Polysulfone, polyethersulfone	 10 to 50	 2 to 5	 Could not fractionate	  [31]
	 and fluoropolymer composite			   lignosulphonates from sugars
	 membranes (MWCO:1–10 kDa)			   due to overlapping molecular
				    weights of LS and sugars
6	 Polyether sulfone membrane	 13.4 to 17.4	 1.9 to 4.9	 Modelling and data fitting was	 Present 
	 (MWCO: 5 kDa)			   carried out following RIS, GP 	 study
				    and K-K equations.
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compared to those obtained in K-K model for all the cross 
flow velocities.

The significant deviation between the experimen-
tal data and those predicted by the K-K model might be 
due to fluctuating interference of the operating parame-

ters and experimental inaccuracies. Kedem-Katchalsky 
equations are based on the linear thermodynamics of irre-
versible processes. The equations are valid for membrane 
systems with two-component solutions, suitably diluted 
and well stirred. Since, under the present experimental set 

Table 2: Statistical analysis of goodness of fit between experimental and predicted volumetric flux of ultra-
filtration SLS solution (Resistance in series: RIS; Gel Polarization: GP; Kedem-Katchalsky:KK)

CFV		  Chi square			   RMSE			   % RE
(m/s)	 RIS	 GP	 KK	 RIS	 GP	 KK	 RIS	 GP	 KK

0.323	 4.312	 1.700	 21.394	 4.633	 5.542	 29.216	 0.491	 0.579	 2.892
0.357	 4.153	 1.748	 23.992	 6.732	 7.640	 27.676	 0.603	 0.684	 2.390
0.425	 3.175	 1.648	 17.009	 6.765	 7.519	 26.534	 0.551	 0.486	 2.029
0.527	 1.604	 1.4	 7.833	 3.636	 2.592	 30.292	 0.436	 0.128	 3.322

Fig 4: Graphical comparison theoretical Vs Experimental volumetric flux using three different models at four different cross flow velocities (CFV). 
(a) CFV: 0.323 m/s (b) CFV: 0.357 m/s (c) CFV: 0.425 m/s (d) 0.527 m/s; (Feed concentration = 1.24 g/L; trans membrane pressure: 3.92 bar; run 
time: 60 min, temp: ambient).
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up the feed solution was not sufficiently well stirred, the 
K-K model showed a deviation from the predicted values. 
In literature mostly it is applied for RO and NF systems, 
where applied pressures are relatively high. The reason why 
two proposed models worked well, whilst the other fared 
poorly is not obvious at this stage. Nevertheless, there is a 
strong likelihood of other forms of membrane-solute in-
teraction which was not investigated in the present work. 
In future, another form of interaction should be taken into 
account. In essence, the findings of data fitting show that 
the osmotic pressure difference, the cross-flow velocity of 
the feed solution, and the water permeability coefficient 
has a significant impact on water flux.

4. Conclusion
The performance of the resistance in series and gel 

polarization model, studied in our work for the prediction 
of permeate flux is quite satisfactory, since the model pre-
dictions are in consonance with the experimental data. In 
both of these models statistical fit parameters such as root 
mean square error, percentage relative error and chi square 
test values were estimated to be in the lower range com-
pared to Kedem Katchalsky model thereby indicating con-
formation between theoretical and experimental flux data. 
However, Kedem Katchalsky model represents substantial 
difference between experimental and theoretical values. 
However, the phenomenological models used in this study, 
despite presenting a moderate variability of prediction 
stand as unique tools for scaling-up and for better under-
standing of the UF process. The developed models may be 
utilized for any other ultrafiltration system and could be a 
useful tool for the scaling-up of processes from laboratory 
to pilot or industrial dimensions. In conclusion, the phe-
nomenological models presented in this paper provide an 
initial framework for advancing a problem of considerable 
practical as well as theoretical interest. Nevertheless, the 
application to more complex matrices needs elaborate fur-
ther investigation.

Nomenclature:
J = Permeate flux (m3m−2 s−1)
Rm = Intrinsic membrane resistance (m−1)
Rad = Adsorption resistance (m−1)
Rcp = Concentration polarization (m−1)
Rp = Pore blocking resistance (m−1)
Rtot = Summation of a number of resistances
Vwosm

 = Osmotic pressure controlled flux (m3m−2.s–1)	
Lp = Permeability of the membrane (m3m−2 s−1 Pa−1)
ΔP = Transmembrane Pressure drop (bar)
Δπ = Osmotic pressure difference
πm = Osmotic pressure at the membrane surface (bar)
πp = Osmotic pressure at the permeate stream (bar)
Cp = Permeate concentration (mg l−1)

Cm = Membrane surface concentration (mg l−1)
C0 = Feed concentration (mg l−1)
R = Universal gas constant (J mole−1 K−1)
Rr = Real retention
k = Mass transfer coefficient (m s−1)
L = Effective membrane length (m)
M = Molecular weight of the solvent (kg kgmol−1)
µ = Solution viscosity (kg m−1 s−1)
v = Solute molar volume (kg mol m−3)
φ = Association factor for solvent
Re = Reynolds number, ρ.u.d/μ (Dimensionless)
Sc = Schmidt number, μ/ρ.D (Dimensionless)
Sh = Sherwood number, k.d/D (Dimensionless)
T = Temperature (K)
D = Diffusivity (m2 s−1)
de = Equivalent diameter (m)
σ = reflection coefficient
Robs = Rejection observed
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Povzetek
Modeliranje in prilagajanje podatkov za napovedovanje pretoka permeata med ultrafiltracijo (UF) modelne hranilne raz-
topine natrijevega lignosulfonata je bilo izvedeno z zasledovanjem upora v serijah, gelne polarizacije in enačbami Kedem 
Katchalsky. Eksperimenti so potekali v laboratorijski enoti za UF, opremljeni s PES/HFUF asimetrično membrano, pod 
določenimi delovnimi pogoji z spreminjanjem nekaterih parametrov, vključno s koncentracijo topila, transmembran-
skim tlakom (TMP) in hitrostjo pretoka (CFV). Najvišji eksperimentalni pretok permeata je bil opažen pri TMP 3,92 bar 
in CFV 0,527 ms–¹, in je znašal 19,6 × 10–⁶ m³m–²s–¹. Teoretični in eksperimentalni volumetrični fluks sta bila prikazana 
grafično, njuna stopnja podobnosti pa je bila primerjana in statistično potrjena. Študija osvetljuje učinkovito recikliranje 
natrijevega lignosulfonata iz odpadne tekočine s pomočjo ultrafiltracije.
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